Tumour necrosis factor receptor type 2 (TNFR2, TNFRSF1B) is an essential receptor for various host-defence functions of tumour necrosis factor (TNF). As part of studies to determine the structure of TNFR2, the formation, crystallization and preliminary X-ray diffraction analysis of the TNF-TNFR2 complex are described. The TNF-TNFR2 complex, which comprises one TNF trimer and three TNFR2 monomers, was confirmed and purified by sizeexclusion chromatography. Crystals of the TNF-TNFR2 complex were obtained using polyethylene glycol 3350 as a precipitant. The crystal belonged to space group P2 1 2 1 2 1 , with unit-cell parameters a = 74.5, b = 117.4, c = 246.8 Å .
Introduction
Tumour necrosis factor (TNF) is a major inflammatory cytokine that plays a central role in host defence and inflammation (Aggarwal, 2003) . Overexpression of TNF is closely associated with inflammatory diseases such as rheumatoid arthritis and inflammatory bowel disease (Feldmann & Maini, 2003) . Therefore, anti-TNF antibodies and soluble TNF receptors (TNFR) that interfere with the activity of TNF have been used to treat various inflammatory diseases (Feldmann, 2002) . However, anti-TNF therapy inhibits both types of TNFR (TNFR1 and TNFR2), often causing serious side effects.
Previous studies using animal models of diseases such as arthritis and hepatitis have demonstrated that TNFR1 plays a predominant role in the pathogenesis and exacerbation of inflammation (Mori et al., 1996; Leist et al., 1995) . In contrast, TNFR2 is crucial for the proliferation, activation and antigen presentation of T cells, which are essential processes in the cell-mediated immune response against bacteria and viruses (Kafrouni et al., 2003; Grell et al., 1998) . Therefore, blocking TNFR1-mediated signal transduction has emerged as a potential therapeutic strategy against inflammatory diseases with a low risk of side effects. Modelling the three-dimensional structure of the TNF-TNFR complex and understanding the differences between TNFR1 and TNFR2 will strongly contribute to the development of a TNFR1-selective therapeutic strategy.
To date, two crystal structures of TNFR1 have been reported: unliganded extracellular domains (PDB codes 1ncf and 1ext; Naismith et al., 1995 Naismith et al., , 1996 and a lymphotoxin (LT-)-TNFR1 complex (PDB code 1tnr; Banner et al., 1993) . The structure of wildtype TNF has also been reported (PDB code 1tnf; Eck & Sprang, 1989) . Several structures of TNF mutants, including the TNF mutant used in this experiment, have also been reported (PDB codes 1a8m, 2az5, 4tsv, 5tsw, 2e7a and 2zjc; Reed et al., 1997; Cha et al., 1998; Shibata et al., 2008; Mukai et al., 2009) . However, the structure of TNFR2 has not yet been reported, although the structure of a viral protein with homology to TNFR2 has been solved (PDB code 2uwi; Graham et al., 2007) . This hinders the design of a structure-based drug for advanced anti-TNF therapy. Here, we describe the formation, crystallization and preliminary X-ray diffraction analysis of the TNF-TNFR2 complex as part of our studies to determine the novel TNFR2 structure and aid in the development of TNFR1-selective therapies.
Methods

Preparation of TNF and TNFR2
The TNF molecule used in this experiment was a Lys-deficient TNF mutant [mutTNF Lys(À); K11M, K65S, K90P, K98R, K112N and K128P] created from wild-type TNF (wtTNF; NCBI accession No. X01394; Uniprot reference P01375) using a phage display system. This mutant retained full bioactivity and affinity for TNFR, as described previously (Yamamoto et al., 2003) . The wtTNF-TNFR2 complex formed efficiently, similar to that of mutTNF Lys(À) and TNFR2, but did not crystallize under the conditions described below.
MutTNF Lys(À) (residues 77-233 in Uniprot P01375; 157 amino acids, without tags) was expressed in Escherichia coli and refolded from inclusion bodies as described previously (Yamamoto et al., 2003) . Briefly, TNF was produced in E. coli BL21 (DE3) as inclusion bodies, which were washed in a buffer containing Triton X-100 and solubilized in 6 M guanidine-HCl, 0.1 M Tris-HCl pH 8.0 and 2 mM EDTA. Solubilized protein at 10 mg ml À1 was reduced with 65 mM dithioerythritol and refolded by a 100-fold dilution in a refolding buffer (100 mM Tris-HCl, 2 mM EDTA, 0.5 M arginine and 0.9 mM oxidized glutathione). After dialysis against 20 mM Tris-HCl pH 7.4 containing 100 mM urea, active trimeric proteins were purified by ion-exchange chromatography using Q-Sepharose FF (GE Healthcare Ltd). Size-exclusion chromatography was performed using a Superose 12 column (GE Healthcare) equilibrated with 20 mM TrisHCl pH 7.4. The molecular mass of the purified TNF trimer was 51 kDa. The complete sequence of this TNF molecule was as follows: VRSSSRTPSDMPVAHVVANPQAEGQLQWLNRRANALLANG-VELRDNQLVVPSEGLYLIYSQVLFSGQGCPSTHVLLTHTISRI-AVSYQTPVNLLSAIRSPCQRETPEGAEANPWYEPIYLGGVFQ-LEPGDRLSAEINRPDYLDFAESGQVYFGIIAL (residues mutated from wtTNF are shown in bold).
The extracellular domain of TNFR2 was used in this experiment (soluble TNFR2; NCBI accession No. M32315; Uniprot reference P20333). Purified soluble TNFR2 (residues 33-205 in Uniprot P20333; 173 amino acids, without tags) expressed in E. coli was purchased from PeproTech Inc. The molecular mass was 19 kDa as a monomer. The complete sequence of this TNFR2 molecule was as follows: APEPGSTCRLREYYDQTAQMCCSKCSPGQHAKVFC-TKTSDTVCDSCEDSTYTQLWNWVPECLSCGSRCSSDQVETQ-ACTREQNRICTCRPGWYCALSKQEGCRLCAPLRKCRPGFG-VARPGTETSDVVCKPCAPGTFSNTTSSTDICRPHQICNVVAIP-GNASMDAVCTSTSP. Lyophilized TNFR2 was dissolved in 20 mM Tris-HCl pH 7.4 and used directly for complex formation.
Purification of the TNF-TNFR2 complex
It is known that one TNF trimer binds three TNFR2 monomers and forms the TNF-TNFR2 complex. For crystallization of the complex, we attempted to purify the full 110 kDa TNF-TNFR2 complex (one 51 kDa TNF trimer and three 19 kDa soluble TNFR2 monomers). The complex was formed by mixing TNF and TNFR2 for 30 min at room temperature. Complex solutions with various molar ratios of TNF and TNFR2 were prepared and the molecular masses were assessed by analytical gel-filtration chromatography using a tandem Superdex 75 10/300 GL/Superdex 200 10/300 GL column (GE Healthcare) in 20 mM Tris-HCl pH 7.4 (Fig. 1) . The use of two gelfiltration columns with different exclusion limits was useful for separating the complex from uncomplexed TNF and TNFR2. In this analysis, low-molecular-weight and high-molecular-weight gelfiltration calibration kits (GE Healthcare) were used as protein standards. An increase in the mixing ratio of TNFR2 induced a shift TNF-TNFR2 complex formation. Formation of the TNF-TNFR complex was assessed by analytical gel-filtration chromatography. The molar ratio of TNF trimer and TNFR2 was varied and the elution peak of the proteins was followed at 214 nm. The elution time of uncomplexed TNF occurs at 45 min (a). This is indicated by the broken grey line in (a)-(f). Excess unbound TNFR2 is indicated by arrows in (e) and (f). SDS-PAGE analysis of the TNF-TNFR2 complex. Formation of the TNF-TNFR2 complex was confirmed by SDS-PAGE. 15% polyacrylamide gel (ATTO Corp., Tokyo, Japan) was used to separate the bands containing TNF monomer (17 kDa) and TNFR2 monomer (19 kDa). M, Rainbow protein standard (labelled in kDa; GE Healthcare); lane 1, 2 mg TNF; lane 2, 2 mg TNFR2; lane 3, 4 mg purified TNF-TNFR2 complex.
in the retention peak of TNF to a higher molecular weight. At a TNF:TNFR2 ratio of 1:3 (Fig. 1e) , a small peak at 57 min elution time corresponding to unbound 19 kDa TNFR2 was observed. This peak containing excess TNFR2 was also observed at a 1:4 ratio (Fig. 1f) . This result indicated that the full 110 kDa TNF-TNFR2 complex was formed under these conditions. Therefore, final fractionation was performed between 41 and 44 min at a TNF:TNFR2 ratio of 1:4. The complex formation in the purified fraction was also confirmed by SDS-PAGE (Fig. 2) . This full TNF-TNFR2 complex was concentrated to 10 mg ml À1 in 20 mM Tris-HCl pH 7.4 and used for crystallization as described below. The protein concentration was determined using Coomassie Protein Assay Reagent (Thermo Fisher Scientific Inc.).
Crystallization of the TNF-TNFR2 complex
The sparse-matrix screening kit Crystal Screen HT and the systematic salt and PEG screening kit Index HT (Hampton Research, Aliso Viejo, California, USA) were used for initial crystallization trials using the sitting-drop vapour-diffusion method. Drops consisting of 0.5 ml protein solution (10 mg ml À1 ) and 0.5 ml reservoir solution were equilibrated against 100 ml reservoir solution in a CrystalEX 96-well flat-bottom plate (Corning Incorporated, Corning, New York, USA). Two temperatures, 293 and 277 K, were tested. Microcrystals were obtained using reservoir solution containing 20%(w/v) PEG 3350 and 0.2 M sodium formate at 293 K. A grid screen around these conditions was evaluated using the hanging-drop vapour-diffusion method. In this step, a drop consisting of 1 ml protein solution and 1 ml reservoir solution was equilibrated against 250 ml reservoir solution in a 24-well VDX Plate (Hampton Research). The crystallization conditions were improved using an additive screening kit (Hampton Research) and round-edged plateshaped crystals were obtained from a droplet consisting of 1 ml 5 mg ml À1 protein solution and 1 ml reservoir solution containing 8%(w/v) PEG 3350, 0.2 M sodium formate and 0.02 M cobalt(II) chloride as an additive reagent. Protein and additive concentrations were optimized and the best crystals were obtained using 7.5 ml 0.8 mg ml À1 protein solution and 7.5 ml reservoir solution containing 7.5%(w/v) PEG 3350, 0.2 M sodium formate and 0.06 M cobalt(II) chloride. The crystals used for data collection had typical dimensions of 0.2 Â 0.1 Â 0.03 mm (Fig. 3) .
Preliminary X-ray analysis
X-ray diffraction experiments were performed on BL41XU of the SPring-8 Synchrotron Facility in Harima, Japan. An ADSC Quantum 315 X-ray CCD detector was installed on BL41XU and used to record the diffraction data. Crystals were soaked in a cryoprotectant solution composed of 7.5%(w/v) PEG 3350, 0.2 M sodium formate, 0.06 M cobalt(II) chloride and 30% glycerol. The crystals were then mounted in nylon loops (Hampton Research) and flash-cooled in a nitrogen stream at 95 K. Diffraction data were collected in 1.0 oscillation steps (180 images, 0-180 ) and the crystal diffracted X-rays to 2.95 Å resolution. The data set was processed and scaled using the HKL-2000 program (Otwinowski & Minor, 1997) . The crystals belonged to space group P2 1 2 1 2 1 , with unit-cell parameters a = 74.5, b = 117.4, c = 246.8 Å . Data-collection statistics are shown in Table 1 .
Results and discussion
The results of SDS-PAGE using the crystallization solution suggested that the crystal contained both TNF and TNFR2. Gel-filtration analysis showed that the TNF-TNFR2 complex with a molecular mass of 110 kDa contained both a TNF trimer (51 kDa) and three TNFR2 monomers (3 Â 19 kDa). This suggests that the asymmetric unit of the crystals contained two molecules of the TNF-TNFR2 complex (two TNF trimers and six TNFR2 monomers). The calculated solvent content was 50.7% and the Matthews coefficient was 2.49 Å 3 Da À1 (Matthews, 1968) . Molecular replacement was performed with the MOLREP program (Vagin & Teplyakov, 1997) in CCP4i (Potterton et al., 2003) using the TNF mutant structure described in our previous report (PDB code 2e7a; Shibata et al., 2008 ) as a search model. Two significant solutions corresponding to TNF trimers were obtained (R = 0.469). The model from molecular replacement was subjected to rigid-body refinement, simulated annealing, energy minimization and B-factor refinement using CNS (Brü nger et al., 1998). The initial electron-density map calculated using only the phases of refined TNF trimer structures (R = 0.425 and R free = 0.493) clearly showed almost the entire TNF trimer. The main chains and side chains of TNFR2 could also be detected around the TNF trimer. Manual model building of TNFR2 based on the TNFR1 structure using the Coot program (Emsley & Cowtan, 2004) in CCP4i is in progress. 
